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We present results from the study of a highly overdoped (OD) Bi2Sr2CaCu2O8+δ with a Tc = 51K using high
resolution angle-resolved photoemission spectroscopy. The temperature dependent spectra near the (pi, 0)
point show the presence of the sharp peak well above Tc. From the nodal direction, we make comparison
of the self-energy with the optimally doped and underdoped cuprates, and the Mo(110) surface state. We
show that this OD cuprate appears to have properties that approach that of the Mo. Further analysis shows
that the OD has a more k-independent lineshape at the Fermi surface than the lower-doped cuprates. This
allows for a realistic comparison of the nodal lifetime values to the experimental resistivity measurements via
Boltzmann transport formulation. All these observations point to the validity of the quasiparticle picture
for the OD even in the normal state within a certain energy and momentum range.
PACS numbers: 71.25.Hc, 74.25.Jb, 74.72.Hs, 79.60.Bm
The question of whether the Fermi Liquid (FL) [1]
model is a valid description for the high-Tc supercon-
ductors has been one of the central issues in condensed
matter. For the optimally doped (OP), and certainly the
underdoped (UD) cuprates, there are many results which
indicate that the FL picture may not be valid [2,3] espe-
cially in the normal state. It is speculated that as dop-
ing increases beyond the optimal value, the cuprate may
become a FL. [4] However, experimental evidence from
the highly overdoped (OD) regime showing FL proper-
ties is scant. Moreover, the FL term has become im-
precise in recent literature. In the strictest definition
of a FL, transport properties and the self-energy, Σ,
of the single-particle excitations or quasiparticles (QP)
are proportional to the square of binding energy, ω, and
temperature, T , reflecting the electron-electron interac-
tions. For regular metals, this is not the case for most
T and ω because the electron-phonon interaction domi-
nates the scattering rate and the resistivity. At the other
extreme, the term FL has been used to describe any ma-
terial that has well defined single-particle excitation re-
gardless of the nature of the QP scattering or transport.
In this Letter, we describe in detail the nature of Σ of
the highly OD cuprate Bi2Sr2CaCu2O8+δ (Bi2212). We
find a state where there are well-defined single-particle
excitations but the details do not match either a strict
definition of a FL nor does Σ appear to be dominated by
the electron-phonon interaction as found in normal met-
als. We use the term “quasiparticle liquid” (QPL) as a
way to describe such a system that has: (i) well-defined
single-particle excitations around the Fermi surface, and
(ii) excitations that govern the transport properties even
if these properties do not have the classic ω2 and T 2 be-
havior or electron-phonon-like behavior.
Angle-resolved photoemission spectroscopy (ARPES)
is, in principle, the best method to determine the na-
ture of the QP in a 2D solid. The presence of a sharp
peak in the spectra potentially indicates the presence of
a long-lived QP. Indeed, this has been used to argue for
the presence of QP for OP and UD cuprates below Tc
[5] However, the existence of a sharp peak is not in itself
proof of the existence of a FL. In the normal state of the
OP and UD, there may be a sharp peak but only in the
nodal direction. In the superconducting state, the well-
defined sharp peak appears around the Fermi surface but
only for a very short range of ω and k and appears to be
unrelated to transport measurements. In fact, for most ω
and k values, the spectral function blows up into a broad,
ill-defined excitation. Analysis of the peak in the nodal
direction for OP cuprates reveals that Σ is unlike that for
a typical metal. [2] In model 2D metals, the extracted Σ
values are amenable to analyses in terms of traditional
scattering mechanisms. [6] More exotic phenomenologies
have been invoked to understand similar data for the
OP. [2] Our approach is to not only present experimen-
tal data and analysis for highly OD Bi2212 but also to
compare the results to the lower-doped compounds and
to a metallic 2D surface state of Mo(110). This allows us
to determine crucial differences amongst cuprates of dif-
ferent dopings, and between the cuprates and other real
materials.
Single crystals of Bi2212 were synthesized using the
floating-zone technique [7] that yielded optimal Tc onset
of 95 K. Overdoping is achieved by annealing the sam-
ples in oxygen at 400 C for 5 days, yielding Tc ∼ 51K.
[8] The samples were kept in the cells under oxygen pres-
sure until they were mounted in the vacuum chamber.
The crystals were cleaved in situ at T below 150 K under
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vacuum with a base pressure of 8 × 10−11 Torr. Crys-
tal orientation was determined using low-energy electron
diffraction (LEED). All data shown here were obtained
within 12 hours after cleaving to minimize variation in
doping content of the exposed surface with time. Tc of
the samples were determined to be ∼51K ± 5K using a
SQUID magnetometer. All ARPES measurments were
performed at beamline U13UB at the NSLS with pho-
ton energy of 22 eV and a Scienta SES 200 hemispherical
analyzer that simultaneously collects a large energy (0.5
to 1 eV) and angular (120) window. This allows for the
simultaneous collection of the photoemission intensity as
a function of binding energy (energy distribution curve
or EDC) and momentum (momentum distribution curve
or MDC) along a particular direction in the BZ. [2] The
resulting energy resolution is ∼10 meV with an angular
resolution of better than 0.20.
Fig. 1a shows the T dependence of the EDCs near the
M-point (ΓM direction) of the BZ. The spectra show a
well-defined sharp peak along with a broader hump that
persist well into the normal state, a behavior that was
also seen in a similar OD material. [9] In OP and UD
cuprates the sharp peak disappears around Tc. [10] A
recent report [11] shows the sharp peak disappearing at
slightly above Tc on lightly OD crystals and claims the
peak intensity is a measure of the superfluid density. This
cannot be the case for our more OD samples since the
sharp peak persists to temperatures well above Tc where
there is no superfluid. [9] The only change in lineshape
as T goes above Tc is a shift in the leading edge to signify
the closing of the gap, as shown in Fig 1b. The gap size
estimated from this shift is 10 meV, which is consistent
with that observed in tunneling measurements on similar
crystals. [12].
A visual demonstration of the different energy ranges
over which the ARPES excitation is well defined has been
shown in Ref. [13] for the Bi2212 cuprates and Ref. [6] for
Mo(110). When compared to the lower-doped cuprates,
the OD ARPES spectra show a larger range of ω and
k over which the spectral peak is well defined. kF for
the OD in this direction is measured to be 0.39A−1 or
0.34(pi, pi), compared to 0.446A−1 or 0.391(pi, pi) for OP
Bi2212 [2], indicating a shift of the Fermi surface towards
the Γ point. In contrast to these samples, the Mo shows
well defined peaks over the entire band. Clearly the ω
range over which the ARPES spectra is well defined is
much greater for the OD sample versus either the UD or
OP, but still less than that for the Mo.
The width ∆k of the MDC spectra in the ΓY region
is used to obtain ImΣ using the relation h¯vk∆k ∼ 2ImΣ,
[2] where vk is the non-interacting band velocity. [13] Fig.
2 shows ImΣ along with similar data for the OP and the
Mo. None of these data sets show ImΣ varying as ω2
for small energies. As noted previously, the Mo data
can be broken into contributions from three scattering
mechanisms: electron-electron, electron-phonon, and de-
fect scattering. [6] The phonon mechanism dominates in
the vacinity of EF . Unlike Mo, 2ImΣ for the OD and
the OP Bi2212 [2] have a predominantly linear depen-
dence on ω. For the OP sample, the slope of ImΣ versus
ω is much greater and follows a characteristic Marginal
Fermi Liquid (MFL) behavior where ImΣ ∼ max(ω, T ).
[14] Such an identification is less clear in the OD sample,
but appears possible. Certainly the OD does not seem
to be easily analyzed in terms of the typical scattering
processes in metals. Overall, the peak broadening that
gives ImΣ for the OD sample lies in between the behavior
of the OP and the Mo.
In both the normal and superconducting state, Σ of the
OD cuprate is much less k dependent than for the lesser-
doped compounds. This is manifested in the ARPES
lineshape at a given ω at different parts of the BZ. Fig.
3a and b compare the OD EDC’s from the two in-plane
symmetry directions at several binding energies, both be-
low and above Tc. There is a remarkable similarity in the
lineshape along ΓM and ΓY. The main difference is that
the remnant broad hump seen for ωp ∼ 12 meV is only
present in the ΓM spectra. This hump becomes less pro-
nounced at higher ω where the spectra look more similar
to each other. We compare this to the spectra of OP
Bi2212 (Fig. 3d) where there is a dramatic difference
between the spectra from the two directions. This is es-
pecially true above Tc where there is no well defined peak
in the ΓM spectrum. The difference in lineshapes is even
stronger in UD Bi2212. We conclude that well-defined
ARPES peaks occur over a much greater k range in the
normal state of the OD compound versus the OP or UD
material. [15] In particular Σ seems to be k dependent in
the UD and OP samples but largely k independent in the
ODmaterial. It could be argued that with increasing hole
doping, the influence of the antiferromagnetic “environ-
ment” in the system becomes weaker. This is consistent
with the weaker coupling strength with increasing doping
observed in the nodal direction. [13]
In conventional metals, transport is governed by QP
that scatter due to interactions with other excitations.
The resistivity ρ in these materials are related to the life-
time or the mean free path via Boltzmann transport the-
ory that involves an integral over the Fermi surface. [16]
Although the lifetimes of ARPES QP, and thus ARPES
peak widths, are not identical to that obtained in trans-
port measurements, they should be roughly governed by
the same scattering processes. This peak width is directly
measured in ARPES via ∆k, the width of the MDC peak
at EF . For the OD samples, we have QP that are well
defined over the whole Fermi surface and scattering rates
that are largely k-independent as seen in Fig. 3. Thus, it
is realistic to consider that in the OD case, the Boltzmann
transport formulation would produce a meaningful com-
parison between the lifetime and the measured in-plane
resistivity ρab, and that the lifetime or mean free path ob-
tained in the nodal direction can be taken as the average
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value. Such consideration results in the general relation-
ship where ρab is directly proportional to ∆k. Figure
4 shows a comparison of the ARPES ∆k data with ρab.
[8] The resistivity data comes from a differently-prepared
crystal that is overdoped to have roughly the same Tc,
the best comparison available. We find that both ρab and
∆k have the same functional form. Note that ∆k appears
to be insensitive to the superconducting transition. The
similarity in the temperature dependence of the normal
state ARPES ∆k(E = EF ) and ρab is a strong evidence
that both transport and ARPES are dominated by quasi-
particles with similar scattering interactions.
Recent ARPES studies of OD cuprates have shown the
possiblity of two separate bands arising out of the bi-
layer splitting. [17,18] While our data (not shown) may
indicate evidence for a two-component Fermi surface, the
specific labeling of the hump feature in the EDC spectra
near (pi, 0) as the bonding band [17] is inconsistent with
our data in terms of the T dependence and trends of
relative peak intensities with doping as shown in Fig 1.
We note that the mere presence of separate bilayer split
bands has little impact on the conclusions of this paper.
In fact, the idea of interplane coupling appearing in the
OD samples is understandable in terms of the results re-
ported here. Since the interplane coupling is dominated
by states near the M-points of the BZ, [19] the presence of
more well-defined QP in those regions for the OD would
increase the interplane coupling that possibly leads to
the bilayer splitting. Furthermore, the well-defined QP
would enhance the coherent interlayer tunneling, result-
ing in a greater c-axis conductivity. This has been shown
to be the case where the c-axis resistivity decreases and
appears to be metallic with increasing doping. [20]
Taken as a whole, there are several elements of the
ARPES data which indicate that the OD Bi2212 may be
considered a QPL in the normal state, though the pri-
mary interactions are considerably different than those
in a prototypical metal. The key elements arguing for
the QPL nature of the normal state of the OD sample
are: (i) the presence of well-defined peaks in the ARPES
spectra over a wide range of T , ω and k, along with well
defined peaks for the entire Fermi surface, (ii) Σ that is
largely k independent, unlike the UD and OP samples,
and (iii) ρab that is proportional to the mean free path
measured in ARPES as is expected from simple Boltz-
man transport. The lower-doped cuprates do not seem
to be well described as a QPL in the normal state. The
fundamental interactions between the electrons and other
excitations is similar for all of the cuprates, and not like
that for a typical metal. The strongest evidence for this
is the linear ω dependence of ImΣ as shown in Fig. 3
which do not reflect contributions from several different
scattering processes and no sign of contributions from the
electron-phonon interaction. One alternative scenario in-
volves some form of coupling to the magnetic modes ob-
served in inelastic neutron scattering. [21] The overall
changes in the ARPES Σ as a function of T and doping
can be matched to the magnetic behavior. [13] However,
regardless of the details of the interactions, there is a clear
difference between the OD and OP cuprates in both the
presence of QP and their relation to transport properties.
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FIG. 1. (color) EDCs for OD Bi2212 (Tc = 51K) near
the M-point (see inset) at various temperatures. The
data in Fig. 1a have been shifted vertically for clarity.
Six representative spectra are shown unshifted in Fig. 1b.
FIG. 2. 2ImΣ in the ΓY direction (see inset) for OD
(TC = 51K), OP (TC = 91K), [2] and Mo(110) surface
state. [6] The values shown in the legend are the tempera-
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tures where the ARPES spectra were obtained. 2ImΣ for
the OD was obtained exclusively from the MDC spectra,
whereas the OP values were obtained from both MDC
and EDC. The scattering due to impurities has been sub-
tracted from the Mo data. The straight lines are guides
to the eye.
FIG. 3. (color) EDC lineshapes for the OD (a,b, and c)
and OP (d) taken at the M-point and the nodal direction.
Each data have been normalized to the intensity of the
sharp peak, except for the normal state of OP where it
has not been normalized. ωp is the binding energy of the
peak intensity.
FIG. 4. A comparison of the ARPES ∆k (open circles)
and experimental ρab (solid line) from OD Bi2212 with
Tc = 58K. [8].
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